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We have studied the electronic structure of CdS/ZnSe coupled quantum dot, a novel heterostruc-
ture at the nano-scale. Our calculations reveal CdS/ZnSe coupled quantum dots to be of type-II in
nature where the anion-p states play an important role in deciding the band offset for the highest
occupied molecular orbitals (HOMO). We show that the offsets of HOMO as well as the lowest un-
occupied molecular orbitals (LUMO) can be tuned by changing the sizes of the components of the
coupled quantum dot, thereby providing an additional control parameter to tune the band gap and
the optical properties. Our investigations also suggest that formation of alloy near the interface has
very little influence on the band offsets, although it affects the spatial localization of the quantum
states from the individual components. Comparing the influence of strain on coupled quantum dots
and core/shell nanowires, we find strain practically has no role in the electronic structure of coupled
quantum dots as the small effective area of the interface in a coupled quantum dot helps a large
part of the structure remain free from any substantial strain. We argue that in contrast to core-
shell nanowires, quantum confinement is the key parameter that controls the electronic properties
of coupled quantum dot and should therefore be an ideal candidate for the design of a quantum
device.
PACS numbers: 73.22.-f, 73.40.Lq
I. INTRODUCTION
Semiconductor heterostructures1 at nano-scale have
attracted considerable attention in the recent times
where novel functionalities may be obtained not only
by tailoring size and shape of the individual compo-
nents but also exploiting the combination of the prop-
erties of either semiconductors, thereby making their ap-
plicability far beyond the limits imposed by the indi-
vidual nanoparticles.2 Modern colloidal techniques allow
fabrication of various types of heterostructures such as
core shell nanocrystals (NC),3 multicomponent hetero-
nanorods,4 tetrapods5 and very recently heterodimers6
and coupled quantum dots.7 Semiconductor heterostruc-
tures are typically classified either as type-I or type-II,
depending on the relative alignment of the conduction
and the valence band edges of the materials that con-
stitute the interface. In a type-I heterostructure, the
alignment of the bands is such that both conduction and
valence band edges of semiconductor A (smaller band
gap) are located within the energy gap of semiconduc-
tor B (larger band gap), so that the electron and hole
pairs excited near the interface tend to localize in semi-
conductor A. For a type-II heterostructure, the relative
alignment of the conduction and valence bands of the
constituent materials offer a spatially indirect band gap
resulting in an optical transition energy smaller than the
band gap of either of the constituent materials. As a
consequence of this staggered alignment of bands, the
lowest energy states for the electrons and the holes are
in different semiconductors which is highly attractive for
applications in photovoltaics, where such charge separa-
tion is desirable.1,5,8
Tuning the optical properties of semiconducting nano
heterostructures can be achieved by selection of the con-
stituent materials and taking advantage of additional pa-
rameters such as size dependent quantum confinement
exhibited by the systems at nanometer scale. In addi-
tion, type-II heterostructures offer an attractive possi-
bility of controlling the effective band gap by engineer-
ing the band offsets at the interface.7 Another parameter
that has profound impact on the electronic structure and
band offsets in nano heterostructures is the strain result-
ing due to sharp lattice mismatch of the constituents at
the interface.9,10 While nano-scale heterojunctions can
tolerate larger lattice mismatch in comparison to its bulk
counterpart, the resulting strain may further shift en-
ergy levels and band offsets in a non-trivial way.11 It
has been shown that the strain induced change in the
band gap may be comparable to that induced by quan-
tum confinement in highly lattice mismatched nano-scale
heterojunctions.11 Recently it has been illustrated that
strain can be advantageous in tuning the optical proper-
ties of core-shell nanocrystals.9 Epitaxial deposition of
a compressive shell (ZnS, ZnSe, ZnTe, CdS or CdSe)
onto a nanocrystalline core (CdTe) produces strain that
changes standard type-I band alignment to type-II be-
havior, ideal for application in photovoltaics.9 On the
other hand in some cases strains produced at the interface
may be relieved by creating dislocations at the interface
giving rise to non-radiative decay channels proving to be
highly detrimental for applications.12 In this respect, re-
cently suggested type-II nano-heterostructures obtained
by coupling semiconductor quantum dots are interesting
as they possibly rely on controlling the effective transi-
tion energy gap by engineering the band-offsets at the
interface primarily by quantum confinement as the effect
of strain in such systems is expected to be small. This
is due to the fact that the actual area of the interface
is much smaller in coupled quantum dots in compari-
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2son to core-shell nano-systems due to their difference in
geometry, which substantially reduces the stress in case
of the former. As the effect of strain is expected to be
minimal, quantum confinement is of prime importance
in coupled quantum dots providing an ideal opportunity
to design interface as a quantum device that may find
application either in optoelectronic devices(e.g. photo-
voltaic device) or for the realization of qubits for quan-
tum information processing.13 It is interesting to note
that a recent report on coupled semiconductor quantum
dots of CdS/ZnSe demonstrated the tuning of photolu-
minescence wavelength (a manifestation of the effective
gap) over a large range of ∼100 nm simply by changing
the ratio of the component sizes constituting the coupled
quantum dot7 that clearly demonstrates the tunability
of optical properties via controlling band-offsets primar-
ily due to quantum confinement.
The electronic structure at the interface of nano-
heterostructures plays a crucial role in tailoring the band
gap and band offsets. In the present paper using den-
sity functional theory in the framework of generalized
gradient approximation (GGA) we have investigated in
details the electronic structure of coupled quantum dots
and compared them with core shell nanowires. While
a well known limitation of GGA is that it tends to un-
derestimate the band gaps and does not provide reliable
estimate of band offsets between chemically dissimilar
materials.14 However, this is not a matter of concern in
this paper as the materials considered here (CdS, CdSe,
ZnSe) exhibit very similar quasiparticle shifts14 so the
value of the offsets may not change significantly. Further
we shall discuss the trends and the physical origin of band
offsets which are not dependent on the actual value of the
band gap and band offsets. We have studied in details the
coupled quantum dots of CdS and ZnSe from first prin-
ciples density functional calculations to understand the
nature of chemical interaction at the interface, that leads
to the type-II nature of the heterojunction. We have
also calculated the band offsets and investigated how it
changes with variation of the component size. As the role
of strain remained unexplored in coupled quantum dots,
we have therefore calculated the strain profile and the im-
pact of strain on band offsets and compared our results
with CdScore/ZnSeshell nanowires. In the following we
shall argue that band offsets in coupled quantum dots are
primarily dictated by the interaction between the anion-
p states along with quantum confinement, making them
ideal for a quantum device.
II. COMPUTATIONAL DETAIL AND
SIMULATED STRUCTURE
All the electronic structure calculations presented here
are performed using ab initio density functional theory
(DFT) as implemented in Vienna ab-initio simulation
package (VASP).15 Projector augmented wave (PAW)
method16 along with plane wave basis set are used for our
calculations. PAW potentials with 12 valence electrons
(4d10 5s2) for Cd, 12 valence electrons (3d10 4s2) for Zn, 6
valence electrons (3s2, 3p4) for S and 6 valence electrons
(4s2, 4p4) for Se with an energy cut-off of 500 eV for the
plane wave expansion of the PAW’s was employed in our
calculations. The exchange-correlation (XC) part is ap-
proximated through generalized gradient approximation
(GGA) due to Perdew-Burke-Ernzerhof (PBE).17 The
dangling bonds at the surface of the clusters as well as the
nanowires are saturated using fictitious hydrogen atoms
with fractional charges, as proposed by Huang et al.18
Our calculations are performed in the framework of peri-
odic boundary condition and the periodic images of the
clusters and the nanowires along the transverse direc-
tions are separated by vacuum layers of sufficient width
(∼10 A˚). In view of the large size of the simulation cell
(tiny Brillouin zone) we have employed only one k-point
(Γ point) for the coupled quantum dots and a Γ centered
k-mesh of 1×1×8 for the nano-wires. The atomic po-
sitions were relaxed to minimize the Hellman-Feynman
force on each atom with a tolerance of 0.01 eV/A˚. The
lattice strain in the heterostructures were calculated fol-
lowing the method proposed by Pryor et al.19
III. RESULTS AND DISCUSSIONS
A. Coupled quantum dots of similar size
To begin with, we have simulated the coupled quantum
dot formed by coupling of CdS and ZnSe quantum dots of
similar sizes. Following the experimental observations,7
we have taken the CdS cluster in the wurtzite (hexago-
nal) phase and the ZnSe cluster in the zinc blende (cubic)
phase. In our simulation, the CdS cluster consists of 45
Cd atoms and 51 S atoms, whereas the ZnSe cluster com-
prises 44 Zn and 46 Se atoms. The diameter of both the
clusters are ∼ 1.6 nm. The heterostructure is formed by
attaching the polar (0001) facet of CdS cluster in wurtzite
structure with the polar (111) facet of ZnSe cluster in
cubic structure, where the Cd-terminated polar facet of
the CdS cluster binds to the Se-terminated polar facet of
the ZnSe dot as shown in the inset of Figure 1(a). The
total density of states (DOS) corresponding to the cou-
pled quantum dot of CdS-ZnSe is shown in Figure 1(a).
The DOS suggest that the gap between the highest occu-
pied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) for the coupled quantum
dot is 2.35 eV. This value of the gap is smaller than the
calculated gaps for both of its components namely the
CdS cluster (∼ 2.65 eV) and that of the ZnSe cluster (∼
3.10 eV). The trend in the calculated gap of the com-
ponents is consistent with the experimental band gap of
bulk CdS (2.42 eV) and ZnSe (2.70 eV). The calculated
gaps for the individual dots are larger compared to the
bulk experimental values due to quantum confinement
but are possibly underestimated due to the usual limi-
tation of GGA. The effective gap of the heterostructure
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FIG. 1. (Color online) (a) The total density of states for
coupled CdS/ZnSe quantum dots of similar size. The inset
shows the structure of the coupled quantum dots, where red,
blue, green, maroon, and light blue balls indicate Cd, S, Zn,
Se, and the fictitious passivator atoms respectively (this con-
vention has been followed throughout the article). (b) The
energy resolved charge density has been plotted as a function
of the distance from the interface.
being less than either of the components indicates that
the band alignment at the interface may be of type-II.
To obtain further insights on the nature of the band
alignment, the character of the HOMO and the LUMO
states and to estimate the offsets for HOMO and LUMO
at the interface we have calculated the energy resolved
charge density along the direction perpendicular to the
interface. In order to evaluate the energy resolved charge
density, the band decomposed charge density correspond-
ing to a particular energy eigenvalue is calculated for each
k-point. The resulting charge density is averaged over
planes parallel to the interface. This averaged charge
density for a given energy at a particular k-point scaled
by an arbitrary constant (same constant is used for all
calculations) is plotted as a function of the distance from
the interface. Such spatially averaged charge densities
reflect the spatial distribution of every state perpendic-
ular to the interface within a suitable range of energy.
This energy resolved charge density is particularly useful
for visualizing band alignment of nano-scale heterostruc-
tures where either one or only few k-points are used for
the calculation. The energy resolved charge density for
CdS/ZnSe coupled quantum dot is shown in Figure 1(b).
We gather from the figure that the highest occupied state
is primarily confined to the ZnSe part of the coupled
quantum dot with a short tail extended to the CdS part.
On the other hand, the lowest unoccupied state is con-
fined to the CdS part. Further, this figure offers us a clear
view of the localization of all the states in the energy
range of interest. From this figure, we have obtained the
values of the offsets for HOMO and LUMO to be 0.27 and
0.45 eV respectively. In addition, we have also calculated
the valence band offset following the method suggested
by Hinuma et al. 20 . In this approach an electrostatic
potential averaged within a PAW sphere at an atomic
site is taken as the reference level for the evaluation of
the valence band offsets. The calculated valence band
offsets using this method are shown in Table I. We find
both the method provide nearly identical value for the
HOMO offsets. The LUMO offsets calculated using the
latter method, i.e. adding the HOMO offsets and the dif-
ference of energy gaps of the individual pristine clusters,
show similar trend as obtained from the energy resolved
charge density method but have substantially larger val-
ues. The reason for this discrepancy may be attributed
to the fact that the energy gaps of CdS and ZnSe ob-
tained from the CdS and ZnSe part of the coupled quan-
tum dot are smaller than their values in the respective
pristine clusters due to the mitigation of quantum con-
finement. Upon formation of the heterostructure, we find
the energy gap of the ZnSe part to become substantially
smaller, while the gap of CdS part reduces marginally.
This effect is not accounted for within the latter method
for calculating the LUMO offsets, leading to a systematic
overestimation of the same.
We have next investigated the role of anion-p states
on the valence band offset. We have plotted the par-
tial DOS for the anion-p states and cation-s states (see
Figure 2) to understand the interaction at the interface
of the heterojunction that leads to the offset. The par-
tial DOS indicates that the occupied states near the gap
are primarily anion-p like which also has some admixture
with the cation-d states, whereas the unoccupied states
near the gap mainly show cation-s like character, with a
little admixture with anion-p states. Notably, the offsets
between the p states of S and Se, and the s states of Cd
and Zn turn out to be the same as the calculated HOMO
and LUMO offsets respectively. This observation cor-
roborates the picture that the interaction between the
anion-p states admixed with cation-d states are crucial
for the HOMO offset21 with only implicit role of the
cation-d states. The coupling between the anion-p and
cation-d states however play an important role for bulk
semiconductor heterostructures as suggested by Wei and
Zunger 22 .
To ascertain further the role of anion-p and cation-
d states in determining the HOMO (valence band) off-
sets, we have simulated a similar heterostructure com-
prising CdSe and ZnSe quantum dots: i.e. the same
anion for both the components. The CdSe/ZnSe het-
erostructure is simulated by replacing all the sulphur
atoms of CdS/ZnSe quantum dots heterostructure with
selenium atoms followed by optimization of the atomic
positions. Our calculated band gap (2.20 eV) for CdSe
cluster is found to be smaller in comparison to the ZnSe
cluster (3.10 eV) and is consistent with the experimental
bulk band gap of CdSe (1.73 eV) and ZnSe (2.70 eV).
The effective gap is found to reduce marginally (by 0.14
4TABLE I. The band offsets (in eV) for coupled quantum dots calculated (i) using energy resolved charge density plots and (ii)
using average electrostatic potential at the atomic PAW spheres as suggested by Hinuma et al. 20 , are tabulated here.
Heterostructure Charge density method Electrostatic potential method
HOMO LUMO HOMO LUMO
offset offset offset offset
CdS/ZnSe 1:1 0.27 0.45 0.29 0.74
CdSe/ZnSe 0.00 0.64 0.06 0.96
CdS/ZnSe 2:1 0.30 0.94 0.37 1.20
CdS/ZnSe diffused (1st bilayer) 0.26 0.46 0.34 0.79
CdS/ZnSe diffused (2nd bilayer) 0.21 0.42 0.34 0.79
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FIG. 2. (Color online) The density of states projected onto
(a): Cd-s, (b): S-p, (c): Zn-s, and (d): Se-p states for coupled
CdS/ZnSe quantum dots of similar size have been shown here.
eV) upon formation of the heterojunction. The band off-
sets calculated using the energy resolved charge density
is listed in Table I and shows no offset for HOMO and a
large offset for LUMO. Only a small value for the HOMO
offset is obtained from the method of Hinuma et al. 20
(See Table I). Hence the reduction in effective HOMO-
LUMO gap upon formation of heterojunction may be
attributed to the increase in the system size and thereby
reduction of the band gap due to mitigation of quantum
confinement. The quasi type-II nature of the heterojunc-
tion (i.e. no offset for HOMO and substantial offset for
LUMO) supports the common-anion rule,21 where it is
argued that no offset for valence band should be found for
heterojunctions with common anion for both the compo-
nents confirming the important role played by the anion-p
states in determining the valence band offset.
B. Variation of component size
Having confirmed that an ideal CdS-ZnSe coupled dot
lead to type-II heterostructure, next we have explored
the effect of variation of component size on the offsets of
HOMO and LUMO. In this context, recent experiments
suggest that photoluminescence wavelength increase with
increasing concentration of CdS (i.e. increasing size
of CdS quantum dot),7 which may be attributed to the
change in band offset. Engineering the band offset by
modifying the sizes of the components in a coupled quan-
tum dot is an attractive feature that may find application
for device fabrication. In view of the above, we have sim-
ulated a coupled quantum dot where the number of atoms
in CdS cluster is nearly double the number of atoms in
ZnSe cluster.
We have therefore considered a heterojunction of
CdS/ZnSe clusters where a CdS cluster consisting of 93
Cd atoms and 96 S atoms is coupled to a ZnSe cluster
consisting of 44 Zn and 46 Se atoms. We shall refer to
this system as 2:1 system, whereas the system with sim-
ilar component sizes studied earlier will be referred to as
1:1 system. The densities of states for the 1:1 system
and the 2:1 system is displayed in Figure 3(a) and Fig-
ure 3(b), respectively, a comparison between them shows
that the effective gap between HOMO and LUMO de-
creases by 0.38 eV upon increasing the size of CdS clus-
ter. It is interesting to note that the gap between HOMO
and LUMO for pristine CdS cluster also decreases by the
same amount (0.38 eV) upon increasing the size, as seen
from Figure 3(c) and Figure 3(d). The reduction of the
effective gap for the heterojunction is a result of mitiga-
tion of quantum confinement due to the large size of the
CdS cluster. The band-offsets calculated using two dif-
ferent method are listed in Table I. Hence increasing the
size of one of the components (here CdS) of a coupled
quantum dot reduces the HOMO-LUMO gap for that
component due to quantum confinement that primarily
changes the LUMO offset while the offset between the
HOMO states does not change much. The above discus-
sion points to the fact that variation in the size of the
components for a coupled quantum dot heterojunction is
a novel control parameter that provides an opportunity
to tune the offsets for suitable applications. More impor-
tantly, the range of effective gap thereby accessible may
be far beyond the range accessible by manipulating the
size of an individual quantum dot.
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FIG. 3. (Color online) This figure compares the density of
states for CdS/ZnSe 1:1 dots (a) to CdS/ZnSe 2:1 dots (b)
vis-a`-vis the density of states for the small and the large CdS
quantum dots (c,d).
C. Diffused interface
In the preceding discussion we have considered ideal
interface but it is quite likely that the interface of the
coupled dots may be a diffused alloy of CdS and ZnSe. In
view of the above, we have examined the influence of in-
terlayer diffusion of the atoms near the interface by simu-
lating two different alloyed heterostructures, namely: (i)
where two Cd (S) atoms replace two Zn (Se) atoms and
vice versa at the first cationic (anionic) interlayer, i.e.
the diffusion is restricted to the first bilayers near the
interface, (see Figure 4(a)) and (ii) where in addition
to (i) one Cd (S) atom replaces one Zn (Se) atoms and
vice versa at the second cationic (anionic) interlayer, i.e.
the diffusion extends upto the second bilayers near the
interface (see Figure 4(c)). The energy resolved charge
density plot for these diffused interfaces are shown in
Figure 4(b) and Figure 4(d) respectively. The calculated
band offsets are listed in Table I. These values compare
well with the ideal 1:1 interface. Our observations indi-
cate that the offsets are not very sensitive to the diffusion
at the interface as the inter-layer diffusion possibly does
not influence the interaction between anion-p and cation-
s states significantly but it affects the spatial localization
of the states that may be detrimental for carrier separa-
FIG. 4. (Color online) (a) and (b) [(c) and (d)] show the
structure and the energy resolved charge density respectively
for the diffused (1st bilayer) [diffused (2nd bilayer)] system.
tion required for photovoltaic applications. We do not
observe localized interface induced states for perfectly
passivated coupled quantum dots. However, lack of fic-
titious H atoms near the interface may lead to such lo-
calized (dangling bond) states. Coupled dots prepared
using colloidal technique usually have long chain organic
molecules passivating the dangling bonds.
D. CdScore/ZnSeshell nanowire heterojunction
After investigating the coupled quantum dot hetero-
junctions in details, we have studied CdScore/ZnSeshell
nanowire heterojunctions, where we anticipate significant
difference in electronic structure because of larger inter-
facial area at the interface. In order to simulate the het-
erojunction we have assumed two rings of CdS in the
wurtzite structure as core, surrounded by two rings of
ZnSe in the wurtzite structure as shell, as shown in the
cross sectional view of the nanowire (see Figure5(a-b)).
The radius of this cylindrical heterostructure is ∼13 A˚.
The dangling bonds at the surface are properly saturated
by fictitious hydrogen atoms with fractional charge.18
The crystallographic c direction of wurtzite structure has
been assumed to be the growth direction of the nanowire.
Unlike coupled quantum dots, here the interface is not
formed by attaching polar facets.
The density of states for the CdScore/ZnSeshell
nanowire heterojunction is shown in Figure 5(c). We
note that the effective band gap for this system is cal-
culated to be 1.90 eV. The smaller value of the effective
band gap for the core-shell nanowire may be attributed
to the absence of confinement along the c direction that
reduces the band gaps for both the components consti-
tuting the nanowire.
The charge densities corresponding to valence band
maximum (VBM) and conduction band minimum
(CBM) are shown in Figure 5(a) and Figure 5(b) respec-
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FIG. 5. (Color online) The charge density isosurfaces cor-
responding to HOMO and LUMO of the CdScore/ZnSeshell
nanowire heterojunction have been shown in (a) and (b) re-
spectively. (c) displays the total density of states for the
nanowire heterostructure.
FIG. 6. (Color online) The energy resolved charge density as
a function of the radial coordinate of the cylindrical nanowire
heterojunction has been depicted here.
tively. From this figure we find the VBM and the CBM
to be confined in the shell and the core region respec-
tively, confirming type-II nature of the heterojunction.
The energy resolved charge density plot for this system
is displayed in Figure 6, which indicates the VBM and
the CBM offsets to be 0.20 eV and 0.44 eV respectively.
In comparison to the offsets calculated for the coupled
quantum dots, the VBM offset is smaller in this case
while the CBM offset is nearly the same.
E. Effect of strain
As discussed earlier, the band alignment of nanoscale
heterojunctions should be very sensitive to the lattice
strain. In terms of the effect of strain, the coupled quan-
tum dots and core/shell nanowires are expected to be
very different. We have calculated the strain profiles for
coupled quantum dots and core/shell nanowires by using
an atomistic model19 for elasticity where the parame-
ters of the model are calculated using ab initio electronic
structure calculations within density functional theory.
We have calculated the trace of the strain tensor that
represents the volumetric strain for the system. Our re-
sults for the volumetric strain for coupled dot (for 1:1
and 2:1) and core-shell nanowrires are displayed in Fig-
ure 7(a) and Figure 7(b) respectively. We note from Fig-
ure 7(a) that the strain profiles for coupled quantum dots
do not change significantly with variation of component
size. As expected, the strain is quite large near the inter-
face and it sharply decreases as we move away from the
interface. On the other hand, for the core/shell struc-
ture the strain profiles are shown for the cationic and the
anionic planes separately in Figure 7(b) and we find an
oscillatory nature of the strain field where the value of
the strain may be significantly large even far away from
the interface. Comparing the strain profiles for both the
systems we gather that the core/shell nanowire is more
strained compared to the coupled quantum dots due to
the large interface of the latter.
In order to quantify the effect of strain on the align-
ment of bands, we have calculated the band offsets for
the unrelaxed (discretely strained at the interface) het-
erostructures of CdS/ZnSe in a coupled dot as well as
core/shell nanowire geometry. A similar model was em-
ployed earlier to study the impact of strain on band
gaps in core-shell nanostructures.11 The model for unre-
laxed coupled quantum dots comprise a CdS and a ZnSe
quantum dot with bond lengths and the bond angles
matching the corresponding bulk structures in wurtzite
and zincblende forms respectively. The heterojunction is
formed by bringing Cd-terminated (0001) plane of CdS
close to Se terminated (111) plane of ZnSe. The separa-
tion between Cd and Se planes is 2.44 A˚. The dangling
bonds are passivated by fictitious hydrogen atoms with
fractional charge, located at a distance of 1.25 A˚. On the
other hand, the unrelaxed CdScore/ZnSeshell nanowire
heterostructure consists of both of its components in
wurtzite form with their respective bulk bond length and
bond angle values. The dangling bonds at the ZnSeshell
part are passivated by fictitious hydrogen atoms with
fractional charge, located at a distance of 1.25 A˚. The
corresponding energy resolved charge density plots for
the unrelaxed structures are shown in Figure 8. The
band-offsets for the un-relaxed 1:1 coupled quantum dots
(HOMO offset: 0.29 eV, LUMO offset: 0.47 eV, type-II)
are nearly identical to that obtained for the relaxed cou-
pled quantum dots (HOMO offset: 0.27 eV and LUMO
offset = 0.45 eV) indicating the effect of relaxation (i.e.
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FIG. 7. (Color online) The trace of the strain tensor has been plotted as a function of distance along the perpendicular
direction to the interface for (a) the coupled quantum dots with varying size and (b) the CdScore/ZnSeshell nanowire.
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FIG. 8. (Color online) The energy resolved charge density plots for unrelaxed systems: (a): CdS/ZnSe coupled quantum dots
(HOMO offset: 0.29 eV, LUMO offset: 0.47 eV, type-II) and (b): CdScore/ZnSeshell nanowire (VBM offset: 0.09 eV, CBM
offset: 0.33 eV, type-I). Insets show the schematic band alignments.
distribution of strain over the structure) is negligible for
coupled quantum dots. On the other hand the impact
of the distribution of strain is appreciable in the core-
shell nanowire. In the core-shell nanowire, upon relax-
ation not only the value of the band offset change ap-
preciably but also the band alignment become type-II,
(see Figure 6) for the relaxed system whereas unrelaxed
system (see Figure 8(b)) shows type-I nature of align-
ment. The band-offset for the unrelaxed (relaxed) core-
shell nanowire is calculated to be VBM offset : 0.09eV
(0.20eV) and CBM offset: 0.33 eV (0.44eV) where both
the VBM and CBM offsets of the unrelaxed structure is
substantially different from the relaxed structure. From
the quantitative estimate of the volumetric strain and
the comparison of the effect of strain on the band-offsets
for the coupled quantum dot and core-shell nanowire we
understand that as opposed to coupled quantum dots,
the electronic structure is very sensitive to strain for
core/shell nanowires due to the large interfacial area of
the latter. While strain is an important factor in de-
termining the band-offsets in core-shell nanowires, quan-
tum confinement is the only key deciding factor for band-
offsets in coupled quantum dots.
IV. CONCLUSION
In conclusion, we have studied the electronic structure
of coupled quantum dots consisting of CdS/ZnSe clusters
in details to understand the origin and nature of band off-
set. We have also explored in details the impact of the
variation in component size and lattice strain on band
offset of the coupled quantum dots. We have found the
band alignment of CdS/ZnSe coupled quantum dots to
be of type-II in nature, where the effective gap is smaller
than the gap of either of its components. We have an-
alyzed in details the nature of chemical bonding at the
interface, in particular, the calculation of the energy re-
solved charge density not only clarified the alignment of
the bands at the interface but also provided a direct es-
timate of the band offsets. Our calculations also indicate
the important role of the anion-p states in deciding the
8HOMO offset. The importance of the anion p states was
further clarified by considering CdSe/ZnSe coupled quan-
tum dot with a common anion Se and the calculations
revealed absence of HOMO offset with a quasi type-II
band alignment. We have illustrated that the offsets of
HOMO and LUMO can be tuned by changing the sizes
of the components of the coupled quantum dot, thereby
providing an additional control parameter to tune band
gap and optical properties. Our investigations also sug-
gest that formation of alloy near the interface does not
change the band offsets substantially but affects the spa-
tial localization of the states. Comparing the influence of
strain on coupled quantum dots and core/shell nanowire
of CdS/ZnSe, we conclude that the strain at the interface
play a crucial role on the electronic structure of core/shell
nanowires and hardly affects the electronic structure at
the interface of a coupled quantum dot. This is due to
the fact that the effective area of interface of the coupled
dots is small and as a consequence a small lattice mis-
match does not lead to much stress. We have illustrated
that quantum confinement primarily controls the prop-
erties of coupled quantum dot and should therefore be
an ideal candidate for the design of a quantum device.
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